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Abstract 

It is shown that defining a suitable saturation momentum Q s , the pj distributions of pp and AA collisions for any 
centrality and energy depend only on r — p\lQ 2 s for pj < Q s - For different projectiles, targets and centralities, the 
corresponding r-lines present small differences for r < 1. For r > 1, the higher the energy or the larger the size of 
the participant nuclei, the larger suppression present the respective spectra. The integrated spectrum gives a fraction 
of the hard multiplicity in the range from 9 % for pp at 0.9 TeV to 2 % for Pb-Pb central collisions at 2.76 TeV. 



1. Introduction 

Recently, it has been shown that in pp collisions the pj spectra of charged particles exhibit geometrical scaling 
iQlQ]- Indeed, the pj spectra in pp collisions in the broad range of energies from 0.9 to 7 TeV scale in a single variable 
t = p\lQ L s , where the proton saturation momentum Q p s is given by 



where W = V* X 10~ 3 and A = 0.3. 

In this paper, we study the extension of the geometrical scaling to AA collisions, considering RHIC and LHC 
energies, different centralities and different nuclei. We will show that the geometrical scaling is valid not only for 
each collision at fixed centrality separately but also for any centrality for r < 1 . On the other hand, integrating the 
hard spectrum for r > 1 we obtain that the hard multiplicity fraction decreases with the size of the participant nuclei 
as it would be expected from jet quenching. 

2. The saturation momentum 

In order to check the geometrical scaling in AA collisions for any centrality we define the saturation momentum 
<2fby 

(^) 2 = (e?) 2 < ?,/2 A 1/6 (A) 1/3 (2) 



where 

a(s) = - 



1 +ln( V^Aso + l), 



(3) 



Na is the number of participant nucleons and A is the number of nucleons. 

We observe that at high energy a(s) = 1/3. With this value, for Na = A we recover the commonly used behaviour 
of for central collisions [Q^f = (g?) 2 A 1 ' 3 . 
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Figure 1: (Colour online.) Charged particle multiplicity per participant at pseudorapidity 0.2 < r\ < 1.4 for Au-Au and Cu-Cu central collisions at 
two RHIC energies 62.4 and 200 GeV d,@l and for Pb-Pb collisions at 2.76 TeV fuj] plotted as a function of t for A = 0.30. 



The parametrization of equation (f2) takes into account the different experimental multiplicity obtained in collisions 
between different nuclei and same number of participants. Also, it takes into account the well known behaviour of 
the multiplicity per participant as a function of the number of participants. The detailed shape is taken from the 
parametrization of references iQ 0] which was used to describe the multiplicities of pp and AA at all centralities, 
rapidities and energies. The function a(s) of formula <j3j was introduced due to the energy-momentum conservation 
effects which can explain the different exponent of the power-like energy dependence of the pp and AA multiplicities. 
In fact, in usual string like or color flux tube models, the number of strings exchanged between the projectile and 
the target grows with the number of collisions which behaves like A^ 3 , in such a way that the number of strings 
exchanged in central AA collisions at a fixed energy -\fs is A 4 ^N S , being N s the number of strings exchanged in pp. 
As in AA collisions the available energy is A tJs, at not very high energies there is not enough energy to form such 
large number of strings and it is expected a suppression of the power 4/3 to 1 + a(s), with a(s) — > 1 /3 at high energy. 
On the other hand, as the energy of each string is related to the longitudinal phase space that grows like In s, the 
approach to the asymptotic limit 1/3 should be of logarithm type as in formula ©. 

The values of the parameters A, Qq and ^Jso of formulas (0 and (01 are taken from the references and 
being 

A = 0.3 , go = 1 GeV , y^o = 245 GeV . 



3. Comparison with experimental data (RHIC, LHC) 

In Fig. [U we plot the data (N A 2npTy l d 2 N ch /(dp T dr]) for Cu-Cu 0-6 % central at 62.4 and 200 GeV and Au-Au 0- 
6 % central at 62.4 and 200 GeV ffll] together with Pb-Pb 40-50 %, 5-10 % and 0-5 % at 2.76 TeV rfxoh as a function 
of r, in the pseudorapidity range 0.2 < 77 < 1.4. The number of participants used is the mean value corresponding to 
the given centrality. Experimental data taken from ALICE [10] correspond to a pseudorapidity range including the 
77 = region, in which dn/drj is smaller than in the pseudorapidity range considered here. Because of this a 15 % 
correction was applied to the normalization |4[ . 
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Figure 2: (Colour online.) Charged particle multiplicity per participant at pseudorapidity 0.2 < rj < 1.4 for pp collisions ['5-7], Au-Au 0-6 % 
central collisions at 62.4 GeV d, Pb-Pb 0-5 % collisions at 2.76 TeV GJJ and p-Pb data at 5.02 TeV [[J versus t for A = 0.30. 



It can be seen that Pb-Pb 0-5 % and 5-10 % data points are in the same line for r < 1. Also the Cu-Cu and the 
Au-Au data points at both energies are approximately in the same curve for t < 1. Only the Pb-Pb 40-50 % points 
present some departure around 1 . For r > 1 it is shown a suppression for the heavy nuclei. 

In order to see the differences between the different sizes of projectile and target, in Fig. |2]we plot the data for pp 
collisions at 0.9, 2.36 and 7 TeV (^$\ together with the recentp-Pb data at 5.02 TeV |Tlfl, the Au-Au 0-6 % central 
data at 62.4 GeV H and the Pb-Pb 0-5 % data at 2.76 TeV (m in the pseudorapidity range 0.2 < tj < 1.4. For the 
p-Pb data we use < N parl >- 7.9 such as it is quoted in reference lfl2ll . 

We observe that the pp data at different energies are in the same line, satisfying geometrical scaling, as it was 
shown in reference [1]. On the other hand, we observe that the p-Pb, Pb-Pb 0-5 % and Au-Au 0-6 % central data at 
low t are very close to the pp data of different energies. As far as r becomes larger the difference between these sets 
of data increases. For r > 1 the suppression is larger for Pb-Pb 0-5 % central tha for p-Pb, and for the latter there is 
more suppression than for pp data. 

In Fig. [3] we plot together all the previous data to show that for r < 1 there are not many differences between 
them, what does not occur for t > 1 which is larger for larger sizes of nuclei. 

In order to see the quality of this extended scaling we show in Fig. |4]the ratio of Pb-Pb 0-5 % at 2.76 TeV, Au-Au 
0-6 % at 200 GeV, Cu-Cu 0-6% at 62.4 GeV, pPb at 5.02 TeV over Cu-Cu 0-6% at 200 GeV as a fuction of t. Even for 
such different projectiles and targets and also in the broad range of energies considered, we observe an approximate 
scaling at low r. Notice that for t < 1 the data extend over three orders of magnitude. Excluding the Cu-Cu data, 
the ratios vary between 0.7 and 1.3 in the range 0.2 < t < 1. The violation of the scaling is clear for r > 1, showing 
a higher suppression for heavier nuclei. The hierarchy of the scaling violations for r > 1 agree with the expected 
suppression due to jet quenching. 

Based on this approximate scaling, we can compute the multiplicity of soft and hard particles per participant, 
defining soft particles as those with pj < Q s and hard as those with pj > Q s . In fact, 

1 dN sof ' 1 r& dN 2 1 re* 1 

= j_ r d 2 = j_ f d 2 i F(T) (4) 

N A dr, N A J lT drjdp 2 T Na Jo Gq 
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Figure 3: (Colour online.) Charged particle multiplicity per participant in the pseudorapidity range 0.2 < rj < 1.4 for all the heavy ion collisions 
considered plotted as a function of r for A = 0.30. 



and with the change of variables 

d 4 = ^(Kf\-^2 A u 6 (±f dT! (5) 

Ql 2 + A\Qo) A \N A ) 

the fraction of soft and hard multiplicities over the total multiplicity results 

dK/'ldr, = X'drr-^F(r) dN^/dr, = £&rT & F (t) 

s ~ dN'^/dr, £°dTT-&F(T)' k ~ dN'f'/dn £°dTT-&F(r) 

In Table Q] we present the results for the fractions of soft and hard multiplicities for the centralities, energies and 
collisions considered. In order to do the integration in (|6), we do first a fit to each /^-distribution separately, that 
afterwards is integrated. 

We observe that the hard fraction decreases slowly with energy and that it also decreases with the size of the 
participant nuclei. In the case of pp collisions the dependence of the energy is very weak, varying from 9 % to 8 % in 
the broad range 0.9-7 TeV. However, we observe larger differences between Au-Au 0-6 % central at 62.4 GeV, whose 
hard fraction is 7 %, and Pb-Pb 0-5 % at 2.76 TeV, which is 2 %. For Pb-Pb at 2.76 TeV the hard fraction is the same 
for peripheral (40-50 %) than for central (0-5 %). 



4. Conclusions 

Usually it is thought that as the energy or the size of the participant nuclei increases, the weight of the hard colli- 
sions increases and correspondingly the weight of the hard multiplicity. We observe the opposite with our definition 
of hard and soft collisions. This result was also pointed out by the ALICE collaboration data of the sphericity as a 
function of the energy and the change multiplicity in pp collisions at 0.9, 2.36 and 7 TeV Il3lll4ll . The sphericity 
measures the jet activity, in such a way that one event with dijet back to back implies sphericity zero. On the contrary, 
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Figure 4: (Colour online.) Ratio of Pb-Pb 0-5 % at 2.76 TeV GJJ, Au-Au 0-6 % central at 200 GeV | 8], Cu-Cu 0-6% central at 62.4 GeV pPb 
at 5.02 TeV EJ over Cu-Cu 0-6% at 200 GeV £J in terms of t. 



an event where all the produced particles are distributed isotropically in phase space implies sphericity one. Most of 
the Monte-Carlo codes (Pythia 8, Perugia-0, Phojet, Atlas-CSC) predict a decreasing of the sphericity with energy 
and charged multiplicity whereas the data show the opposite trend. In the color glass condensate model 

MM the 

further the saturation momentum grows with the energy and the number of participants, the smaller room exists for 



171 11811 where the area covered by strings 



hard collisions. This also happens in the framework of percolation strings 
increases with energy and size of the nuclei leaving less room for hard scatterings. 

Let us mention that the scaling found is naturally incorporated in the color glass condensate 115, 3 where the pj 
spectrum depends only on p\lQ 2 s . In the model of percolation of strings Ill7[|l8ll also is obtained an scaling law for the 
Pt dependence. Now the role of Q 2 S is played by yfrf where rf is the string density lfl9ll . Indeed the parametrization 
(O has its origin in the parametrization of ^[rf 

In conclusion, we have shown that the geometrical scaling seen previously in pp collisions can be extended to AA 





Energy (TeV) 


Centrality 


R s 


Rh 


p-p 


0.9 


minb 


0.91 


0.09 


p-p 


2.36 


minb 


0.90 


0.10 


p-p 


7 


minb 


0.92 


0.08 


p-Pb 


5.02 


minb 


0.93 


0.07 


Cu-Cu 


0.0624 


0-6% 


0.93 


0.07 


Cu-Cu 


0.2 


0-6 % 


0.94 


0.06 


Au-Au 


0.0624 


0-6% 


0.93 


0.07 


Au-Au 


0.2 


0-6 % 


0.96 


0.04 


Pb-Pb 


2.76 


40-50 % 


0.98 


0.02 


Pb-Pb 


2.76 


0-5% 


0.98 


0.02 



Table 1: Values of the fractions of soft and hard multiplicities for different nuclei, centralities and energies. 
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collisions, being satisfied also for different centralities. For different projectiles and targets an approximate scaling is 
also satisfied although in this case some differences occur. The departure of scaling for r > 1 follows the expected 
hierarchy in jet quenching, namely the suppression is larger for larger participant nuclei. 
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